Abstract. A method for high-bit-rate optical pulse amplification without a pattern effect (PE) phenomenon is numerically analyzed and presented. In the proposed new scheme, the input signals are applied to a series of 1 × 2 optical switches and semiconductor optical amplifiers (SOAs). Based on the input signal bit rate and the desired PE reduction rate, it is shown that the number of these devices can be easily optimized. For reducing the SOA nonlinearities on the output signal, a high-birefringent fiber loop mirror is used as an optical Gaussian filter. The achieved results depict that symmetry and the time-bandwidth product of the output signal obtained by this filter are significantly improved. The simulations are performed for high bit-rate signals (>50 Gbps); therefore, in the SOA model, all relevant nonlinear effects that occur in the subpicosecond regimes are taken into account.
Introduction
Ultrafast optical systems are required for all-optical signal processing. A semiconductor optical amplifier (SOA) is an important component in these systems mainly due to its specific features, such as high optical gain, small size, and its ability to integrate other semiconductor devices. Therefore, it can be used as pre-, post-, or inline amplifier. In addition, due to nonlinear characteristics of the SOA, it can also be used as a key component in essential optical devices, such as wavelength converters, modulators, and optical logic gates. 1 The main nonlinear effects are self-phase modulation (SPM), 2 interband refractive index dynamics, 3 carrier heating (CH) and spectral hole burning (SHB), 4, 5 tow-photon absorption (TPA), ultrafast nonlinear refraction, [6] [7] [8] gain dispersion, 9 gain peak shift with the carrier density, 10, 11 and the group velocity dispersion (GVD). 12 If repetition rate of input signals is lower than the carrier recovery life time of the mentioned nonlinear effects, the SOA enters to its nonlinear region and cannot properly amplify the input signals as desired for optical communication systems. The carrier recovery life time is ∼200 ps. 13, 14 The most important drawbacks are the pattern effect (PE) phenomenon and the output pulse's temporal and spectral distortion. 1, 15 Several research works for removing PE have already been performed, such as electronic feedback, 16 using saturable absorber, 17, 18 reduction of the carrier life time by injection of continuous wave light, 19, 20 clamping of the gain by laser oscillation inside the device, 21, 22 using an interferometric method, 23 an optical delay interferometer, 24 using holding light injection, 25 using an asymmetrical Mach-Zehnder interferometer, 26 and using a birefringent fiber loop mirror. 27 However, these methods did not represent a completely satisfactory solution for these issues. The main reason for this is they did not consider all the important nonlinear effects in the SOA. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Therefore, they cannot predict accurate results for ultrahigh bit-rate input sequences. Besides, based on our proposed new scheme, with some minor changes in the system configuration, theoretically, PE can be entirely removed.
The SOA's nonlinearities also simultaneously distort the time and spectral shape of the picosecond signals. 28 For reducing this distortion, a high-birefringent fiber loop mirror (Hi-Bi FLM) is used as an optical Gaussian filter. With this pulse shaping method, the output signal symmetry is sufficiently improved, while the time-bandwidth product (TBP) of the output signal is considerably increased. This scheme is an inline amplification system, which has been designed to amplify and reshape the high bit-rate data stream without any distortion. The proposed new scheme alternatively divides certain numbers of data bits and amplifies them without the pattern effect. Our proposed new scheme is shown in Fig. 1 . This paper is organized as follows. In Sec. 2, the theoretical analysis and modeling techniques of each part of the proposed configuration (i.e., SOA, Demux, and Hi-Bi FLM) are discussed in detail. The simulation results for a high bit-rate input signal are shown in Sec. 3, and finally, the conclusion is presented in Sec. 4.
Theoretical Analysis

SOA Model
In order to include all the important nonlinear effects in the SOA, the following modified nonlinear Schrödinger equation (MNLSE) is used for this modeling: 
Vðz; τÞ
Vðz; τÞ; (1) where Vðz; τÞ is the complex envelope function of an optical pulse. The definitions of parameters in Eq. (1) are as follows:
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where τ ¼ t − z∕v g is the frame of local time, which propagates with the group velocity (v g ) of the optical pulse at a central angular frequency ω 0 ð¼ 2πf 0 Þ. The slowly varying envelope function approximation is used in Eq. (1) , where the temporal change of the complex envelope function is very slow compared to the cycle of an optical field. Here, the term jVðz; τÞj 2 represents the optical power of an optical pulse, β 2 is the GVD, γ is the linear loss, γ 2p is the TPA coefficient, b 2 ð¼ ω 0 n 2 ∕cAÞ is the instantaneous SPM term due to the Kerr effect, n 2 is an instantaneous nonlinear refractive index, c is the velocity of light in vacuum, Að¼ wd∕ΓÞ is the effective area of the device, d and w are the thickness and width of the active region, respectively, and Γ is the confinement factor.
In addition, g N ðτÞ is the saturated gain due to chromatic dispersion (CD), g 0 is the linear gain, E sat is the saturation energy, τ c is the carrier lifetime, fðτÞ is the SHB function, P shb is the SHB saturation power, τ shb is the SHB relaxation time, and α N and α T are the linewidth enhancement factors associated with the gain changes due to CD and CH, respectively. Δg T ðτÞ is the resulting gain change due to CH and TPA, uðsÞ is the unit step function, τ ch is the CH relaxation time, h 1 is the contribution of stimulated emission and freecarrier absorption to the CH gain reduction, and h 2 is the contribution of TPA. Finally, A 1 and A 2 are the slope and the curvature of the linear gain at ω 0 , respectively, while B 1 and B 2 are constants describing the changes in these quantities with saturation. 31 For solving Eq. (1), the SOA cavity is divided into M equal sections. By using the central-difference approximation in the time domain and trapezoidal integration over the spatial section, and applying an iterative procedure, a set of MNLSEs are solved with high precision in few seconds. 31 The model results are also verified by comparison with the experimental results reported in Refs. 12 and 31.
Demultiplexer Model
For separating the input signal sequence in the time domain regime, a simple demultiplexer (DEMUX) configuration is used as shown in Fig. 2 . 32 These DEMUX switching networks consist of a series of 1 × 2 building blocks, which are generally called a linear bus network. The operation of each of these 1 × 2 switches is shown in Fig. 3 . The suggested 1 × 2 GaAs/AlGaAs optical switch only uses one multimode interference (MMI) region. 33 This single MMI region works as an MMI coupler by using paired interference at the OFF state and symmetric interference at the ON state. By injecting a current of 110 mA, the measured ON/OFF ratio and crosstalk are 23 and 33 dB, respectively, as shown in Fig. 4 . 33 Therefore, the residual pulses (as shown in Fig. 2 ) can be neglected in comparison to the switched pulse. In principle, a carrier injection type switch shall be able to operate at a speed up to gigahertz considering the carrier recombination lifetime in the subnanosecond range; therefore, this switch can satisfy an appropriate operating condition in the proposed new scheme. This switch can also be easily integrated into the AlGaAs/GaAs double heterostructure SOA that is used in our proposed new scheme.
To design suitable switching characteristics for our proposed new PE free system, the length of each switch should satisfy the following equation:
where n g is the GaAs refractive index and W s is the optical switch width. In this new scheme, based on the desired detached input sequence, the same number of 1 × 2 switches are used as shown in Fig. 2 . The amount of the separated input signal should be selected so that the minimum PE occurs after the signal amplification. In this new scheme, using n 1 × 2 switches makes n þ 1 detached pulses. Here, an optimum number of switches is determined by the carrier recovery life time (CRLT) and bit rate (BR). The relationship between the parameters n, CRTL, and BR can be written as n ¼ CRTL × BR.
To compensate the insertion loss between switches, the gain of each SOA at the output of the corresponding arm can be adjusted, so that the input energy of all the signals at the input of Hi-Bi FLM becomes identical.
Hi-Bi FLM Model
In order to calculate the transmission field in the Hi-Bi FLM, the well-known method Jones matrix analysis is used. 27 The configuration of a desired Hi-Bi FLM, which acts as an optical filter, is shown in Fig. 5 . An equivalent optical circuit of the suggested configuration is also shown in Fig. 6 . The Jones matrix analysis for this configuration is defined as follows:
with
where ½J HB , ½J M , and ½J PC are the Jones matrix of the Hi-Bi FLM, the mirror, and the polarization controller (PC), respectively. The propagation constant of the e-axis, o-axis, and the length of the Hi-Bi fiber are represented by β e , β o , and L HF , respectively. The difference between the propagation constants β e and β o can be represented as
where Bð¼ n e − n o Þ is the birefringence of the Hi-Bi fiber, Γ HF is the reluctance, and θ represents the orientation of the wave plate axis with respect to the laboratory coordinates. The other matrices are given by
where ½K 1 and ½K c are the coupling and cross-coupling matrices, respectively, for the 3-dB optical coupler. 27 The analytical calculation of the transmitted power spectra of Hi-Bi FLM is shown in Fig. 7 , which is in good agreement with the results as reported in Ref. 27 .
As the spectral width of SOA's output signal is broader due to the amplification process, by designing the Hi-Bi FLM filter spectral characteristics, the effects of the SOA's nonlinearities can be suppressed. Using Fig. 2 , the simulation procedure of the proposed scheme can be explained. The first step is the use of the 1 × 2 switch model at the beginning of each branch. In this way, the model data pulse bit rate is divided by n. Then the output of each switch is considered as the input signal for the SOA model. The SOA modeling technique is based on numerical methods described in Sec. 2.1. The next step is considering the SOA's output pulse as an input for Hi-Bi FLM. Signal propagation in Hi-Bi FLM is then modeled by the Jones matrix analysis approach. As the light propagates in branches of different lengths, synchronization between the demux and re-mux processes can be achieved by using an optical delay line of the desired length in each branch. The parameters used in our simulations are listed in Table 1 . The parameters of a double heterostructure AlGaAs/GaAs bulk SOA have been used. 12 The input pulse shapes are sech 2 and they are Fourier transform limited with 0.1 pJ energy.
Results and Discussions
The full width at half maximum of the input pulses is 500 fs with a central frequency of 349 THz. Figure 8 shows the PE phenomenon after the SOA amplification, where it (in decibel) is defined as the ratio of the maximum peak power (P max ) to the minimum peak power (P min ) of the amplified output pulse. 28 PE ¼ 10 log 10 P max P min :
In this case, the 40 bits sample pseudorandom binary using our proposed new scheme is shown in Fig. 9 ; besides the PE cancellation, SOA's output pulse characteristics, such as spectral width and TBP, are also considerably enhanced.
If the input pulse bit rate is 50 Gbps, the optimum number of switches is equal to n ¼ 10 (based on the discussion in Sec. 2.2). Each of these pulses is injected into the SOA connected to the output of each switch. In other words, the input sequence repetition is divided by n þ 1 at the input of each SOA. Therefore, if n ¼ 10, each 1 × 2 switch and SOA is working at a bit rate of 5 and 4.54 Gbps, respectively. In this bit rate, the SOA gain approximately becomes equal for all the input pulses and the suggested 1 × 2 switch can operate normally (based on the discussion in Sec. 1). Therefore, PE can be improved considerably and the pulse quality restored for ultrahigh-speed pulses. The results are illustrated in Fig. 9 . In this case, the PE is considerably reduced.
As discussed earlier, the residual pulses at the output port of each of the switches are 23 dB weaker than the switched pulses (as shown in Fig. 2) . Therefore, using the SOA in the Refractive index of AlGaAs n a 3.22
Length of optical switch L s 2900 μm Note: SOA, semiconductor optical amplifier; Hi-Bi FLM, high-birefringent fiber loop mirror.
Optical Engineering 076107-5 July 2014 • Vol. 53 (7) unsaturated region, the switched pulses are amplified, so their energies are large enough that the amplified residual pulses can be ignored. Thus, the effects of amplified residual pulses in the SOAs' output on the PE can be neglected. The highest bit rate of the proposed system without PE (PE ∼ 0) is 50 Gbps if number of switches is equal to 10. It should be noted that by increasing n, the higher input pulse bit rate can also be amplified with a very small PE. If the input pulse's bit rate increases and n remains unchanged, then the PE consequently increases. The detailed result is shown in Fig. 10 . Figure 10 shows the simulation results for n ¼ 10 at a bit rate of 100 Gbps input pulse. In this case, the PE for pulses with and without our proposed scheme is 0.271 and 1.849 dB, respectively. By comparing these results, it Optical Engineering 076107-6 July 2014 • Vol. 53 (7) is concluded that a small amount (<15%) of the PE phenomenon is observed using our proposed new scheme, but it has improved significantly (>85%).
To show the ability of the proposed scheme for PE suppression, an amplified output pulse spectrum of a 50-Gbps data stream is shown in Fig. 11 . It is shown that PE and other SOA's nonlinearities, amplification with SOA, broaden the output pulse spectrum [ Fig. 11(a) ], but by using our proposed scheme, output pulse spectrum is decreased by 63% as shown in Fig. 11(b) . Figure 12 shows the spectra of an input pulse, the SOA's output spectra, and the Hi-Bi FLM output spectra. Due to the gain saturation mechanism of the SOA, its output pulse is asymmetric. This made the output pulse to the leading edge become sharper than the trailing edge [as shown in Fig. 9(b) , right column]. The output pulse spectrum also became broader, 31 as shown in Fig. 12(b) . As a result, the output pulse is distorted and its TBP is increased. In order to reduce these effects, the Hi-Bi FLM has been used. This device acts as an optical Gaussian filter. In order to achieve a desirable output, this filter is designed so that it includes 6.6-nm spectral widths at f 0 ¼ 349 THz, the central frequency of the input signal. As is shown in Fig. 9(c) , right column, this filter makes the output pulse more symmetrical. Furthermore, in this case, the TBP of the output pulse of the Hi-Bi FLM becomes 1.56, which is less than the SOA's output TBPð¼ 1.956Þ.
Conclusion
In summary, a new method for decreasing the PE phenomenon in the amplification process of high-speed optical communication system has been presented. The proposed system consists of a series of optical switches, SOAs, and a Hi-Bi FLM. It has been shown that for 50 Gbps with 10 1 × 2 switches integrated with SOAs, the PE can be considerably decreased. Besides, using the Hi-Bi FLM as a Gaussian filter improves the SOA's output waveforms, such as its symmetry and TBP. For the model of a high-speed system, all important nonlinear effects relevant to the picosecond and subpicosecond regimes are considered in the SOA. As the SOA and HiBi FLM model results are validated with previously reported results (i.e., published works), the presented numerical model of the proposed system can be reliable and useful for improving the performance of high-speed optical networks.
